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a b s t r a c t
Organisms are able to detoxify accumulated metals by, e.g. binding them to metallothionein (MT) and/or
sequestering them inmetal-rich granules (MRG). The different factors involved in determining the capac-
ity or efﬁciency with which metals are detoxiﬁed are not yet known.
In thisworkwe studied how the sub-cellular distribution pattern of cadmium, copper and zinc inwhole
tissue of zebra mussels from clean and polluted surface waters is inﬂuenced by the total accumulated
metal concentration and by its physiological condition. Additionally we measured the metallothionein
concentration in the mussel tissue. Metal concentration increased gradually in the metal-sensitive and
detoxiﬁed sub-cellular fractions with increasing whole tissue concentrations. However, metal concen-etallothionein
admium
opper
inc
trations in the sensitive fractions did not increase to the same extent as metal concentrations in whole
tissues. In more polluted mussels the contribution of MRG and MT became more important. Neverthe-
less, metal detoxiﬁcation was not sufﬁcient to prevent metal binding to heat-sensitive low molecular
weight proteins (HDP fraction). Finally we found an indication that metal detoxiﬁcation was inﬂuenced
by the condition of the zebra mussels. MT content could be explained for up to 83% by variations in Zn
concentration and physiological condition of the mussels.. Introduction
Accumulated metals in aquatic organisms can provide valuable
nformation on metal bioavailability in the aquatic environment
Rainbow, 2002; Bervoets et al., 2005). However, total concentra-
ions of accumulated metals in the tissues do not always give a
eliable indication of metal toxicity (Cain et al., 2004; Vijver et
l., 2004). Only that fraction of the metals that inappropriately
nteracts with physiologically sensitive target molecules (like small
eptides, enzymes, DNA and RNA) or organelles (mitochondria,
uclei, membranes) is potentially toxic (Wallace et al., 2003; Wang
nd Rainbow, 2006; Wang and Wang, 2008). To regulate the inter-
al availability of essential metals for metabolic functions and to
void inappropriate binding of essential and non-essential met-
ls to important bio-molecules, various sub-cellular systems have
volved. With this, essential metals in excess of metabolic require-
ents and non-essential metals are detoxiﬁed and/or excreted
Rainbow, 2002; Campbell et al., 2005, 2008). Excess of metals can
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be bound to themetal binding proteinmetallothionein (Vijver et al.,
2004; Van Campenhout et al., 2008) and (subsequently) immobi-
lized within granules (Marigómez et al., 2002). Metal-rich granules
can be excreted via faeces or basal exocytosis towards haemocytes
(Desouky, 2006). Nevertheless, for non-essential metals, often no
or very slow elimination is observed (Roditi et al., 2000; do Amaral
et al., 2005).
Techniques like differential centrifugation (Wallace et al., 2003),
chromatographic separation (Van Campenhout et al., 2008), and
microscopic analysis (Marigómez et al., 2002) give the opportunity
to study the internal distribution of the metals. However, it is not
yet fully understood whether and how factors such as total tissue
concentration, uptake rate and physiological condition are involved
in the capacity of metal detoxiﬁcation.
Biological factors such as genetic background (Knapen et al.,
2004), size (Wallace et al., 2003), physiological condition of the
organism, or uptake route (Ng et al., 2007) might be involved
in the metal detoxiﬁcation capacity. Metal detoxiﬁcation and the
maintenance of detoxiﬁcation mechanisms might be energetically
expensive. Therefore, the organisms in good condition might be
able to invest more energy in metal detoxiﬁcation. The energy sta-
tus of an organism can give a good indication of its condition and
can be determined by measuring energy stores (i.e. carbohydrates,
proteins and lipids). Also condition-indices such as the tissue con-
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Table 1
Water characteristics and metal levels in water and sediment at the four locations.
Locations Cond. (s/cm) pH O2 (%) Ca (mg/l) Cd (g/l) Cu (g/l) Zn (g/l) Cd sed. (g/g) Cu sed. (g/g) Zn sed. (g/g)
Loc1 910 8.2 99.6 65.5 <0.05 0.85 2.03 0.17 4.83 7.17
Loc2 554 8.1 110 62.9 0.23 0.57 0.25 ND ND ND
L 8.
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Roc3 532 7.8 93.5 52.7 1.20
oc4 696 8.2 93.1 60.1 1.30
d sed.; Cu sed.; Zn sed.: metal levels in sediment expressed on a dry weight basis.
ition index (TCI) (weight normalized for size) and water content
an give a valuable indication of the condition for several organisms
Smolders et al., 2004; Voets et al., 2006).
Mussels have been used extensively formonitoringwater pollu-
ion. In the freshwater environment, zebra mussels have shown to
e valuable monitoring organism. They are widespread, sedentary,
asy to collect and handle and good accumulators. Furthermore,
hey might represent a signiﬁcant entrance of metals in the ecolog-
cal food chain and accumulate toxicants according to bioavailable
evels in the environment (Hendriks et al., 1998; Kraak et al., 1991;
ervoets et al., 2005).
In this work we studied how zebra mussels under polluted con-
itions deal with an excess of accumulated Cd, Cu and Zn. To this,
e studied how zebra mussels distribute excess of these accumu-
ated metals sub-cellular and how this is inﬂuenced by the total
etal concentration in the mussels. We also investigated whether
he physiological condition of the mussels affects this sub-cellular
istribution and/or if there is a relation between the physiological
ondition and the concentration of metals in the so-called metal-
ensitive fractions.
To achieve these goals, we determined the sub-cellular distribu-
ion of Cd, Cu and Zn in whole tissue of zebra mussels from clean
nd polluted surface waters in Flanders, Belgium. We measured
hemetallothionein concentration.We deﬁned the condition of the
ussels by measuring the tissue condition index (TCI).
. Materials and methods
.1. Sampling sites
Mussels were sampled in September 2005 from two lakes
ponds) and two canals in Flanders (Belgium) with different levels
fmetalpollution. Theselectionof the locationswasbasedonprevi-
us measurements of metal levels in zebra mussel tissue (Bervoets
t al., 2005). Lake Walenhoek in Niel (further referred to as Loc1)
as selected as a clean location. The lake Nekker in Mechelen (fur-
her referred to as Loc2) was slightly polluted, the Albert canal in
choten (further referred to as Loc3)was considerably polluted and
he canal of Beverlo in Lommel (further referred to as Loc4) was
everely polluted with trace metals (Table 1).
Themusselswere carefully removed fromthe substrate, selected
y length (18–22mm) and transported to the laboratory in plastic
arrelswithwater from the sampling site. Additionally 60 l ofwater
romeach sampling sitewas collected, ﬁltered (0.45m) in the lab-
ratory and stored at 4 ◦C. This water was acclimated to 15 ◦C just
efore use. In the laboratory, mussels were kept at 15 ◦C in aerated
ndﬁltered sitewater to let themdepurate. Thewaterwas renewed
very 12h. After 60h, when the mussels produced no more fae-
es, they were dissected and stored at −80 ◦C. For each location, 10
eplicates each containing three mussels were used..2. Sub-cellular fractionation
The mussel tissue was fractionated according to the protocol
f Wallace et al. (2003) with minor modiﬁcations (Fig. 1) (Steen
edeker et al., 2007). Tissues were homogenized in six volumes26 63.4 2.46 57.3 438
.4 103.2 149 34.6 4410
ot determined
of homogenization buffer (20mM Tris–HCl, 5mM -mercapto
ethanol, 0.1mM phenylmethanesulphonylﬂuoride (PMSF), pH 7.4).
Tris-(hydroxylmethyl)-aminomethane (Tris), -mercaptoethanol
and PMSFwere obtained fromSigma (Sigma–Aldrich, St Louis,MO).
A sub-sample was taken from the homogenate for the determina-
tion of the total metal concentration and the metal concentration
in all the separate fractions.
One ml of homogenate was centrifuged at 1450× g (Eppendorf
Centrifuge 5804R, Hamburg, Germany) for 15min. The supernatant
was carefully removed for further fractionation. The pellet was re
suspended in 200l demineralized water and heated at 100 ◦C
for 2min. Five hundred microlitres of 1M NaOH was added and
the samples were incubated for 60min at 65 ◦C. After incubation
the samples were centrifuged at 10,000× g (Sorval DiscoveryTM
90 Ultra speed centrifuge, Newton, CT) for 30min and the super-
natantwas transferred to another tube. The pelletwaswashedwith
0.5M NaOH and centrifuged again at 10,000× g for 30min. The
supernatant was added to the previous supernatant fraction and
contained the cellular debris (e.g. tissue fragments, membranes).
The pellet contained the metal-rich granules (further called MRG)
(Wallace et al., 2003).
The supernatant obtained by the ﬁrst centrifugation step was
ultra centrifuged at 100,000× g for 90min. The resulting pellet
contained organelles (nuclear,mitochondrial,microsomal fractions
(further called organelles) (Wallace et al., 2003). The supernatant
containing the cytosolic fraction was heated at 80 ◦C for 10min and
subsequently cooledon ice for 60min. This fractionwas centrifuged
at 30,000× g for 15min, which resulted in a supernatant fraction
containing heat stable proteins (HSP), including metallothionein-
like proteins (MTLPs) and a pellet containing heat denaturated
proteins (HDP). From the HSP fraction, a sub-sample was taken to
determine MTLP levels. In summary, ﬁve fractions were retrieved,
i.e. MRG, debris, organelles, HDP and HSP.
MRG and HSP, including MTs can be considered as biological
detoxiﬁed metals (BDM), whereas organelles and HDP can be con-
sidered as themetal-sensitive fractions (MSF) (Wallace et al., 2003).
Various potential artefacts can complicate the interpretation of
centrifugal fractionation results, such as breakage or clumping of
particles, leakage of soluble constituents from organelles and over-
lap among sub-cellular fractions (Wallace et al., 2003).
2.3. Metal analyses
Thedifferent sub-samplesweredried anddigested in 5:1 ratio of
HNO3/H2O2 in amicrowave oven (Bervoets et al., 2005).Metalmea-
surements (Cd–Cu–Zn) were performed with ICP-MS (Varian Ultra
Mass 700, Victoria, Australia). Analytical accuracy was determined
using process blanks and certiﬁed reference material of the Com-
munity Bureau of Reference standard for trace elements in mussel
tissue (CRM278). Recoverieswerewithin10%of thecertiﬁedvalues.2.4. Metallothionein quantiﬁcation
Total cytosolic MTLP concentrations were measured using the
cadmium thiomolybdate saturation assay from Klein et al. (1994).
Before use, the ion exchangers (CM-Sephadex, DEAE-Sephacel,
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helex-100) were washed with 30 volumes of 10mM Tris–HCl, 1M
aCl, pH 7.4, and equilibrated with 30 volumes of 10mM Tris–HCl,
5mM NaCl, pH 7.4 (buffer A). Fifty micro litres of the cytosol was
ixed with 10l of 300mM ZnSO4·7H2O (Merck) in a 1.5ml vial
nd subsequently incubated with 10l of 140mM -ME at room
emperature for 30min. After incubation with 70l acetonitrile
Merck) for 3min, 500l of buffer A and 100l of CM-Sephadex
66%, v/v suspension in buffer A) were added. The mixture was
haken during 3min and respectively incubated with 50l bovine
erumalbumin (30mg/l, freshlyprepared) andwith20l of ammo-
ium tetrathiomolybdate (500M, freshly prepared in buffer A)
oth for 2min. After shaking with 100l of DEAE-Sephacel (66%,
/v suspension in buffer A) for 3min, the precipitate was removed
y centrifugation at 8000× g for 5min. An aliquot of 600l of
he supernatant was saturated with 10l of 109Cd-labeled CdCl2
1mM, 740kBq/ml, speciﬁc activity) for 5min, thereby exchanging
he endogenous Cd and Zn. The excessive 109Cd(II) was complexed
nd removed by Chelex-100. CdCl2 was supplied by Merck and
09Cd (37MBq/g Cd) was obtained from Amersham Biosciences
Piscataway, NJ). Following a centrifugation step at 8000× g for
min, 500l of the supernatant was incubated with 500l of ace-
onitrile for 3min. The precipitate was removed by centrifugation
nd the 109Cd(II) bound to MTLP was measured with a ‘Wizard 3′
480Automatic gammacounter (PerkinElmer, Zaventem,Belgium).
he MTLP concentrations were calculated on the basis of a molar
atio of Cd/MT of 7 (Kito et al., 1982)..5. Tissue condition index
The TCI is deﬁned as the ratio between the dry weight of the
issue with the volume of the mussel. The calculation of the mussel
olume (Volm) was based on the length, width and height of thed according to Wallace et al. (2003).
mussel with the formula (Voets et al., 2006)
Volm = Length × Width × Height2.77
2.6. Statistics
Analyses of variance (ANOVA, with post-hoc Duncan’s multi-
ple range test), Kruskal–Wallis test and correlation matrices were
used to analyze the data, as appropriate. The data were tested for
homogeneity of variance by the log-ANOVA test and for normality
by the Kolmogorov–Smirnov test for goodness of ﬁt. All tests were
performed with STATISTICA 5.0 (StatSoft, Inc.). Differences were
considered signiﬁcant when p-values were <0.05. The statistical
methods used are outlined in Sokal and Rohlf (1998).
3. Results
3.1. Metal accumulation
Metal concentrations in whole tissue of zebra mussels ranged
from 0.69 to 40.6nmol/g (w/w) for Cd, from 16.9 to 79.0nmol/g
(w/w) for Cu and from 136.8 to 284.5nmol/g (w/w) for Zn. Metal
accumulation in zebra mussels (Cd, Cu and Zn) showed signiﬁcant
differences among the sampling sites (Fig. 2a–c). Cd, Cu and Zn lev-
els in the mussels were highest in mussels from Loc4, followed by
mussels from Loc3 and Loc2.3.2. Sub-cellular metal compartmentalization
The distribution of the metals over the different sub-cellular
fractions, determined by differential centrifugation, showed clear
differences between the metals. The relative distribution of the
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Fig. 2. Cadmium (a), copper (b) and zinc (c) concentrations in whole tissue of zebra
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Figure 3. Distribution patterns (Mean± S.D.) of Cd (a), Cu (b) and Zn (c) over theussels fromﬁeld locations. Metals are expressed in nmol per g (w/w).Mean values
nd standard deviation are given. Different letters represent signiﬁcant differences
etween locations (ANOVA, N=10, p<0.05).
etals among the different fractions from the four locations is
hown in Fig. 3. Cd was mainly present in the HSP fraction (60–70%
f total Cd), Cu was mostly distributed in the fractions HSP,
rganelles and debris, while Zn was distributed over the fractions
ebris, organelles, HSP andHDP. For allmetals, only a small amount
as present in MRG (less than 10%). The inﬂuence of environmen-
almetal concentrationon sub-cellular distributionwas reﬂected in
ifferences in metal distribution between mussels from clean and
olluted locations (Fig. 3). At locations polluted with Cd (Loc4 andsub-cellular fractions in percentage of whole tissue concentration in mussels from
different ﬁeld locations.
Loc3) a higher proportion of Cdwas present in granules (+4.4%) (not
signiﬁcant for Loc3) and heat-stable proteins (+8.8%), and relatively
less Cd was bound to heat-sensitive proteins (HDP) (−8.0%) com-
pared to mussels from the clean locations (Loc1 and Loc2). Similar
results were found for mussels from the Zn polluted location Loc4.
Mussels from Loc4 had a higher proportion of Zn in the HSP frac-
tion (+4%) and a lower proportion of Zn in organelles (−5.5%) than
mussels fromLoc1, Loc2 and Loc3.Mussels fromLoc3, however, had
a lower proportion of Zn bound to HDP, although they had no ele-
vated whole tissue concentrations. For Cu on the other hand, we
found almost no differences between mussels from the different
locations. The within-site variation (between the replicates) in Cu
concentrations in the sub-cellular fractions was higher in mussels
from the polluted locations.
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Table 2
Correlation coefﬁcients (r-values) between metal concentrations in the sub-cellular
fractions and whole tissue concentrations in zebra mussels (N=40).
MRG HSP HDP Organelles Debris
Cd 0.92*** 0.99*** 0.96*** 0.97*** 0.88***
Zn 0.59*** 0.89*** 0.83*** 0.83*** 0.87***
C NS *** *** *** *
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Figure 4. Distribution of Cd (a), Cu (b) and Zn (c) over the different sub-cellularu −0.07 0.74 0.57 0.84 0.37
S: non-signiﬁcant.
* p<0.05.
*** p<0.001.
Metal concentrations in all sub-cellular fractions (except for Cu
n MRG) increased with increasing metal concentrations in whole
ussel tissues. Correlations were highly signiﬁcant for all metals
nd for almost all the fractions (Table 2). We calculated the amount
f metals in the metal-sensitive fractions (organelles +HDP; poten-
ially toxic) and in the detoxiﬁed fractions (HSP+MRG; presumed
on-toxic) for all the mussels separately and plotted these values
gainst the whole tissue concentration (Fig. 4a–c). For Cd and Cu,
ost metals were present in the detoxiﬁed fractions, whereas for
n,mostmetalswere present in themetal-sensitive fractions. From
hat ﬁgure it was clear that for Cd the relative importance of the
o-called detoxiﬁed fraction increased with increasing total tissue
evel. For Zn the relative distribution remained almost unchanged
ith increasing whole tissue level. On the other hand, the excess
f Cu in the mussels was mainly associated with organelles, rela-
ive importance of which increased with increasing whole body Cu
oncentration. This is an indication of an inefﬁcient detoxiﬁcation
f Cu in zebra mussels.
.3. Metallothionein
Metallothionein-like protein levels were measured in the HSP
raction of mussels from the different sampling sites (Fig. 5a). Back-
round levels of MT, measured in the reference location Loc1 were
7.2±2.5nmol/g (w/w). Only inmussels from Loc4, levelswere sig-
iﬁcantly elevated (22.7±1.9nmol/g, w/w). Within each location,
TLP levels were signiﬁcantly correlated to the Zn concentration
n the HSP fraction (not for Loc4) and not to the Cd and Cu concen-
rations.
We calculated a theoretical amount of MT (MTtheor.) necessary
o bind all the Cd, Cu and Zn in the HSP fractions, with the formula
Ttheor =
[Cd]
7
+ [Cu]
12
+ [Zn]
7
hereby [Cd], [Cu] and [Zn] are the metal concentrations (in
mol/g, w/w) in the HSP fraction and the values 7, 12 and 7 are
espectively the number of binding sites (metal-thiolate linkages)
er MT molecule for Cd, Cu and Zn respectively (Kägi and Schäffer,
988). We calculated the ratio MT/MTtheor for mussels from the dif-
erent locations to compare the proportion of the MT binding sites
hat was bound to metals. In Loc1, levels of measured MTs were
n average 3.6±0.4 times higher than MTtheor which indicates that
nly27%of theMTbinding siteswereoccupied. This ratiodecreased
or mussels from more polluted locations (Fig. 5b).
.4. Tissue condition index
As a measure of mussel condition we calculated the TCI. Mus-
els from the different locations showed signiﬁcant differences in
CI (Fig. 6). Mussels from Loc2 had the best condition, followed by
ussels from Loc1, Loc4 and Loc3. Within each location there was
o signiﬁcant correlation between the metal concentration in the
etal-sensitive fractions (organelles and HDP) and the TCI. Also,
hen all pooled data were considered, TCI was not related to the
d, Cu and Zn concentrations in the metal-sensitive fraction or in
he whole soft tissue.fractions as a function of whole tissue metal concentration in Dreissena polymorpha.
Data of all the locations are taken together (N=40). For correlation coefﬁcients see
Table 2.
To determine if the amount of MT is inﬂuenced by the condi-
tion of the mussels, we used a multiple regression model, whereby
the metal concentrations in the HSP fraction and the TCI were
used as independent variables to explain variation in MT con-
centrations. Zn and TCI were signiﬁcant, both variables had a
58 J. Voets et al. / Aquatic Toxicology 93 (2009) 53–60
Figure 5. Metallothionein (MT) levels (a) MT levels in whole tissue of zebra mussels
fromﬁeld locations expressed in nmol per gram (w/w). (b) The ratio of themeasured
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Table 3
Results of the multiple regression model, whereby variation in the MT level in zebra
mussels is explained by the Zn concentration in the HSP fraction and the TCI of the
mussels.
Regression summary R2 = 0.834
a± S.E. p valueT concentration and the theoretical MT concentration necessary to bind all Cd, Cu
nd Zn in the HSP fraction) in zebra mussels from four ﬁeld locations. Mean values
nd standard deviation are given, N=10, bars with different letters are signiﬁcant
ifferent (ANOVA, N=10, p<0.001).
ositive relation and explained 83.4% of the variation inMT content
Table 3).. Discussion
Metal levels in the mussels ranged from low to very high con-
entrations depending on the exposure location. The lowest metal
igure 6. Tissue condition index (TCI; Mean± S.D., N=10) in whole tissue of zebra
ussels from ﬁeld locations. TCI is the ratio of the wet weight over mussel volume.
ars with different letters are signiﬁcant different (ANOVA, N=10, p<0.05).Intercept 6.46 ± 1.51 <0.001
Zn 0.220 ± 0.018 <0.001
TCI 20.98 ± 5.64 <0.001
levels, measured in mussels from Loc1, were comparable to levels
measured in the Ysselmeer and Markermeer (NL) (Hendriks et al.,
1998), which are considered as good reference locations. Mussels
from Loc2 had slightly elevated Cd and Zn concentrations. Mus-
sels from Loc3 had elevated Cd and Cu concentrations and mussels
from Loc4 were highly contaminated with Cd, Cu and Zn compared
to levels reported elsewhere in resident mussels (Bervoets et al.,
2005; Hendriks et al., 1998).
The range of metal concentrations accumulated in the zebra
mussels was much wider for the non-essential metal Cd, than for
the essential metals Cu and Zn. This seems to conﬁrm that zebra
mussels have, likemost aquatic organisms,mechanisms to regulate
(at least to a certain extent) uptake and/or excretion of essential
metals (Bervoets et al., 2004). For the non-essential element Cd,
there appears to be no mechanism to regulate or limit uptake or
excretion and therefore the importance of internal metal storage in
detoxiﬁed forms increases. Indeed, asmeasured by centrifugal frac-
tionation Cd was mainly bound to heat stable proteins (59–72%).
Nevertheless, Cd detoxiﬁcation was not sufﬁcient to prevent Cd
from binding to metal-sensitive fractions. Even in mussels from
Loc1, which contained Cd concentration close to reference values,
Cd was also present in the metal-sensitive pool.
Cu was mostly bound to heat stable proteins or associated with
organelles (differential centrifugation). The main part of Cu in the
cytosol was bound to metallothionein, indicating that metalloth-
ioneins have an important role in Cu detoxiﬁcation; however, also
other heat stable proteins (e.g. heat shock proteins) may play a
signiﬁcant role in Cu detoxiﬁcation or regulation (Clayton et al.,
2000).
Zn was distributed more equally among the different fractions.
Only 14–26% of the Zn was bound to metallothionein and other
heat stable proteins. The main fraction of Zn was associated with
organelles (23–36%).
For Cd, Cu and Zn we found a gradual increase of the metals in
metal-sensitive fractions as whole tissue concentrations increase.
Even at low tissue concentrations, we found a dose-dependent
increase of Cd in the fractions HDP and HSP. For Zn and Cu, correla-
tions betweenmetals in the sensitive fractions and thewhole tissue
concentration were not as strong as for Cd, which might imply reg-
ulation of thesemetals. However, for none of themetals, therewas a
sign of a threshold level below which excess of metals was success-
fully detoxiﬁed. Also in mussels from Loc4, with higher exposure
concentrations no indications that detoxiﬁed fractions were satu-
rated were found.
The critical body residue (CBR) is deﬁned as the threshold con-
centration of a substance in an organism that marks the transition
between no and adverse effects (McCarty andMackay, 1993; Hickie
et al., 1995). This concept suggests that as long as ‘the exposure
concentration’ is below a certain threshold level, organisms are
able to store the accumulated metals in detoxiﬁed forms. Above
that threshold, organisms are no longer able to sequester addi-
tional metals in detoxiﬁed forms and as a consequence metals will
interact with sensitive compartments and binding sites (Wang et
al., 1999). For Cu we found some indication of a threshold level,
but on a whole tissue concentration level. Within-site variation in
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u concentration in mussel tissue was high in the polluted loca-
ions Loc4 and Loc3. It appeared that mussels were able to regulate
otal body concentrations up to a certain level. When that level was
xceeded, accumulation occurred at much higher level and most of
hese metals ended up in the organelles.
Similar results were observed in several indigenous organisms
aptured along a metal pollution gradient, e.g. in the freshwa-
er ﬁsh, Perca ﬂavescens (Giguère et al., 2006), in the freshwater
ivalve, Pyganodon grandis (Campbell et al., 2005) and in aquatic
nsects (Cain et al., 2004). These organisms all showed a gradual
ncrease of metal concentrations in various metal-sensitive and
etal-detoxiﬁed sub-cellular fractions with increasing environ-
ental metal levels. In these studies there was no evidence for a
ower threshold exposure concentration belowwhich the incoming
etals are completely detoxiﬁed, neither an upper concentration
hreshold beyond which metal detoxiﬁcation completely ceases to
unction. However, Campbell et al. (2005) found that Cd bound to
he HDP fraction stayed relatively constant at low Cd concentra-
ions in the gills of the freshwater mussel P. grandis, while metals
n the MT pool increased with total gill concentration. Wang et
l. (1999) found that Cd levels in the heat-sensitive low molecular
eight pool stayed more or less constant below exposure concen-
rations of 1nM Cd2+. Beyond this concentration, metal levels in
his fraction increased rapidly. Despite this, Cd accumulation pro-
ressively increased in the MT fraction, with no sign of a threshold
oncentration.
The metal distribution pattern in indigenous organisms is often
ot consistent with distribution patterns observed in transplant
xperiments or in laboratory experiments. For Cd in Littorina lit-
orea (Langston and Zhou, 1986) a higher proportion of the metals
as present in detoxiﬁed form in indigenous than in laboratory-
xposed organisms. Couillard et al. (1995) found clear differences
n internal distribution of Cd in P. grandis, transplanted from a
eference lake to a contaminated lake for 400 days compared to
he indigenous mussels. In the indigenous mussels much more
d was present in the MT fraction. In indigenous mussels under
eld conditions, it is not likely to ﬁnd a threshold level above
hichmetal detoxiﬁcationmechanisms stop functioning since that
ould cause an uncontrolled accumulation of metabolically avail-
ble metals in time, resulting in increased toxicity. This effect was
bserved in a study of Baudrimont et al. (1999) in the freshwater
ussel Corbicula ﬂuminea transplanted along a polymetallic con-
amination gradient. They observed a shut-down in MT synthesis,
hich was rapidly followed by the death of the transplanted mol-
uscs.
Although in our study metal levels gradually increased in
etal-sensitive fractions, the relative contribution of Cd and Zn
n the metal-sensitive fractions (HDP for Cd and organelles for Zn)
ecreased,while the relative contribution of Cd andZn indetoxiﬁed
ractions (MRG and HSP) increased with increasing whole tissue
oncentration. This was reﬂected in differences in metal distribu-
ion in mussels from the clean (Loc1) and polluted locations (Loc3
n Loc4). Mussels from Loc3 en Loc4 stored a higher proportion
f Cd and Zn in non-toxic forms (HSP fraction and granules). For
u, we did not ﬁnd this change in distribution pattern. In contrast,
ith increasing whole tissue concentration, more Cu was found
n organelles. This decreased relative contribution of Cd and Zn in
he HDP fraction, combined with an increased proportion of Cd in
he HSP fraction was also observed in perch liver (P. ﬂavescens) by
iguère et al. (2006).
Organisms seem to partially protect their metal-sensitive frac-ions (heat-sensitive proteins and organelles) from binding with
d and Zn by increasing the proportion of metals in non-toxic
orms. Theextent towhichorganismsare able toprotect themselves
gainstmetal toxicity seems species and tissue speciﬁc (Wang et al.,
999; Campbell et al., 2005; Giguère et al., 2006).logy 93 (2009) 53–60 59
The internal distribution of metals follows an equilibrium-
dependent exchange of metals among cytosolic ligands, whereby,
similar to the external environment, the stability constants of the
metal–ligand complexes will determine the internal speciation.
Trace metals like Cd, Cu and Zn have a high afﬁnity for sulphur and
nitrogen containing functional groups (Nieboer and Richardson,
1980), but can bind to any molecule with an afﬁnity for that metal.
Many of the amino acids of which proteins are made of contain sul-
phur and/or nitrogen and therefore there is no shortage of potential
binding sites for these metals within cells (Luoma and Rainbow,
2008). Therefore, it is likely that all metals that enter the cell as free
ions will quickly be bound to bio-molecules. Metallothioneins have
because of their high cysteine content a high afﬁnity for metals
like Cd, Cu and Zn (Coyle et al., 2002) and although metalloth-
ioneins in the cytosol were not saturated with Cd, Cu and Zn, it
seems they can not fully prevent the inappropriate binding of met-
als to metal-sensitive fractions. In clean locations, less than one
third of the metallothionein binding sites were occupied by Cd,
Cu and Zn. Other metals like Ag and Hg also have a high afﬁn-
ity for metallothionein, but these metals were present in much
lower concentration and therefore we assume that a high pro-
portion of the metallothionein binding sites were still available.
In the more polluted locations, MT binding sites were also not
completely saturated, although a higher proportion of the bind-
ing sites were bound with Cd, Cu and Zn. Metallothionein levels
increased with increasing metal levels in the mussels. The relation
was strongest with the Zn concentration in the HSP fraction even
at low metal concentrations, like in mussels from Loc1. An interest-
ing question was proposed by Campbell et al. (2005): “Why don’t
bivalves synthesise enough MT to keep Cd (and other metals) off
the metal-sensitive sites and avoid the associated toxic effects?”
He speculates that under chronic conditions the animal establishes
a trade-off between the “cost” of detoxifying the Cd and the “cost”
of allowing someCd to spill over onto themetal-sensitive sites. This
reasoning can also be applied to othermetals in excess ofmetabolic
requirements. The maintenance of a tolerance mechanism may be
energetically expensive (Postma et al., 1995) and this might imply
that organisms in a better condition, e.g. due to high food abun-
dance, have more energy available to invest in metal detoxiﬁcation.
In our study a relationship was found between the MT level and
the condition of the zebra mussels. In a multiple regression model
83.4% of the variation in MT concentration was explained by the
tissue condition index and the Zn concentration in the HSP frac-
tion.
The tissue condition index was also related to the metal concen-
trations in themussels. In Loc4,mussels had a better condition than
Loc3, although metal concentrations in this location were much
higher. Also when the TCI was related to the Cd, Cu and Zn con-
centrations in the metal-sensitive fractions, no relation was found.
Therefore, it seems that other factors than metal pollution might
be more important in determining the condition of the mussels.
Schneider (1992) developed a growth model for zebra mussels in
theGreat Lakesand found that thegrowth rate (increase inbiomass)
was mainly dependent on the temperature and food availability. In
our study, the mussels were collected after the reproductive sea-
son and therefore it is possible that they were still recovering from
their reproductive efforts. The rate atwhichmussels in the different
locations recoveredmight be different because of differences in the
food availability and temperature in the water.
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